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Figure 6. The two-component GnfL/GnfM system. (A) Purification of
GnfLg and GnfM. The sizes of molecular mass standards are shown in
kilodaltons. (B) In vitro phosphorylation assay. GnfLg and GnfM were
tested for phosphotransfer activity in vitro. GnfLg was incubated at
room temperature for Smin for the autophosphorylation reaction.
GnfM was then added and further incubated at room temperature
for Smin for the phosphotransfer reaction. The sizes of molecular
mass standards are shown in kilodaltons.
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Figure 7. Effect of overproduction of GnfL/GnfM on the expression of
gnfK and gdhA. Total RNA was prepared from strains harboring the
vector only, the GnfL/GnfM expression vector or the GnfM expression
vector grown in the presence of NH; . The expression of gnfK and gdhA
was analyzed by primer extension assays.

GnfL/GnfM was overexpressed, whereas the expression of
gdhA was repressed under the same conditions. In
contrast, when only GnfM was overexpressed, the induc-
tion of gnfK expression drastically decreased, suggesting
that the phosphorylated form of GnfM is more active in
the transcription initiation of gnfK. Moreover, gdhA ex-
pression was only slightly repressed by the overexpression
of GnfM alone, suggesting that the phosphorylation
enhances the activity of GnfM as a transcriptional repres-
sor for gdhA. These results suggest that GnfM functions as
a transcription activator for gnfK and a repressor for gdhA
and these activities of GnfM are modulated by phosphor-
ylation via GnfL.

Another two-component system in the nitrogen-fixation
gene regulation

A potential additional mechanism for the regulation of the
genes involved in nitrogen fixation in G. sulfurreducens is
regulation via another two-component system. The
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Figure 8. The two-component GnfK/GnfR system. (A) Purification of
GnfK and GnfR. The sizes of molecular mass standards are shown in
kilodaltons. (B) In vitro phosphorylation assay. The histidine kinase
GnfK and the response regulator GnfR were tested for phosphotransfer
activity in vitro. GnfK was incubated at a room temperature for 5Smin
for the autophosphorylation reaction. GnfR was then added and
further incubated at a room temperature for Smin for the
phosphotransfer reaction. The sizes of molecular mass standards are
shown in kilodaltons.

previous transcriptome analysis for nitrogen fixation
indicated that only two genes, gnfK and gnfR, predicted
to encode a histidine kinase and a response regulator, re-
spectively, had higher transcript abundance during
nitrogen fixation in G. sulfurreducens (15). As shown
above, these genes were activated by the master two-
component system GnfL/GnfM during nitrogen fixation.
This is the first demonstration that the regulatory mech-
anisms for nitrogen-fixation gene expression consist of two
two-component His—Asp phosphorelay systems. gnfK and
gnfR are not closely located on the Geobacter genomes.
However, purified GnfK exhibited autophosphorylation
activity as well as phosphotransfer activity to purified
GnfR in in vitro phosphorylation assays (Figure 8A
and B). It is likely that the phosphotransfer from GnfK
to GnfR is a specific reaction because the reaction time
was short (5min), as described above. These results
suggest that GnfK and GnfR function as a two-
component system during nitrogen fixation.

Homologues of GnfK and GnfR were found in
G. metallireducens and G. wraniireducens as well as
Pelobacter propionicus. Pelobacter species, which like
Geobacter species belong to the &-subdivision of
Proteobacteria, are phylogenetically intertwined with
Geobacter species (51,52). Therefore, Pelobacter species
may also regulate nitrogen-fixation gene expression by
the homologues of the two-component GnfK/GnfR
system.

Physiological function of GnfK/GnfR

In order to assess the physiological function of the
two-component GnfK/GnfR system, deletion mutants of
gnfK or gnfR were constructed. The mutant cells grew as
well as the wild-type cells when ammonium was provided
(Figure 9). In contrast, the deletion mutants exhibited
growth defects in the absence of ammonium (Figure 9).
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Figure 9. Growth under nitrogen-fixation condition. The wild-type
(circles) and gnfK (triangles) or gnfR (squares) mutants were grown
in the presence or absence of NHj. Growth was monitored by
measuring the optical density at 600 nm (ODgqg). Data are a represen-
tative of three replicate cultures.

The mutants grew similarly with the wild-type cells until
ODygpo ~ 0.04 after being transferred from the
ammonium-containing medium to the ammonium-free
medium, presumably by utilizing the ammonium
transferred with the inoculum or stored inside the cells
during growth in the ammonium-containing medium.
Subsequent growth of the gnfK deletion mutant was
slower than the wild-type, and the gnfR deletion mutant
stopped growing. These results suggest that the GnfK/
GnfR system plays an important role during nitrogen
fixation in G. sulfurreducens.

Premature transcription termination

An analysis of the amino acid sequence of GnfR suggested
that GnfR is a transcription antiterminator, as it has an
RNA-binding domain or the ANTAR domain (53) at the
C-terminus (Supplementary Figure S3). Furthermore, an
analysis of promoter regions of the genes up-regulated
during nitrogen fixation identified transcription
termination-like sequences in the promoter region of
some of the genes such as nifH, nifEN, nifX, ginK and
amtB (Figure 10A, B and Supplementary Figure S4),
which are similar to the Rho-independent transcription
termination signals that typically consist of a hairpin
followed by a T-rich region (Figure 10A, B and C; 54).
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Therefore, it is likely that premature transcription termin-
ation and its antitermination are one of the regula-
tory mechanisms controlling a subset of the nitrogen-
fixation genes that includes the genes regulated by the
GnfL/GnfM two-component system and containing a
transcription termination signal in their promoter
regions (Figure 10A).

To examine the function of these identified transcription
termination signals, /acZ fusion assays were conducted
with artificial promoters that contain an RpoD-dependent
like —35/—10 elements with or without the wild-type
or mutated sequences from the identified transcription ter-
mination signals in nifH (Figure 10D and Supplementary
Figure S5). B-Galactosidase activity by the X-gal plate
assays indicated that the RpoD promoter was active. In
contrast, RpoD-TTS (WT) promoter in which the RpoD
promoter was placed upstream of the wild-type transcrip-
tion termination signals from nifH was inactive under the
same condition. When the upstream or downstream
half of the transcription termination signals from
nifH was deleted and thus the stem structure was dis-
rupted, RpoD-TTS (-up) and RpoD-TTS (-down) pro-
moters became active. In addition, when the region
predicted to form the stem structure was mutated and
thus a stem structure was also disrupted, RpoD-TTS
(mut) promoter was active as well. These results suggest
that the identified sequences function as transcription
termination signals.

Transcription antitermination

To assess whether or not the GnfK/GnfR system is
involved in transcription antitermination during nitrogen
fixation, transcripts of nifH, which has transcription ter-
mination signals, and of glnB, which does not, were
examined by primer extension assays (Figure 11). Both
nifH and ginB appear to be under the control of the
RNA polymerase RpoN together with the master
two-component GnfL/GnfM system and up-regulated
during nitrogen fixation. For nifH transcripts, two differ-
ent primers were used to distinguish prematurely
terminated transcripts and readthrough transcripts
(Figure 11A). Under nitrogen-fixing conditions, the tran-
scripts of nifH were prematurely terminated in the mutant
strains in which gnfK or gnfR was deleted, but not in the
wild-type strain (Figure 11B). The expression of glnB was
not affected by the deletion of gnfK or gnfR (Figure 11B).
These results suggest that premature transcription termin-
ation and its antitermination are an important regulatory
mechanism controlling the subset of the genes containing
transcription termination signals in their promoter among
the nitrogen-fixation genes regulated by GnfL/GnfM and
that the two-component GnfK/GnfR system is involved in
the antitermination of prematurely terminated transcrip-
tion. It is also possible that the nif H mRNA is destabilized
by the slow growth conditions imposed by the gnfK and
gnfR deletions. It is noteworthy that primer extension
products by the R1 primer increase in intensity in these
mutants.
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A Gene Sequence
Gsul nifH CGCAGGCAAGGGCGCCACCATTAAACGGAAATGGGGCGCCTTTTTTGTTGCC
Gmet_nifH CGCAGGCAAGGGCGCCACCAATATCACCATTGGGGCGCCTTTTTTGTTGCCC
Gura_nifH CACAGGCAAAGGCGCCACCATAATTCAATGGGGCGCCTTTTTTGTTGCC
Gsul_nifv GCAGGGCATCGGGGCCCCGGAACAGCATTCCGGGGCCTTTTCGTTTGCC
Gmet nifv AATCGGCAATGGCGCCCCGGAACATCAGTTCCGGGGCTTTTTTTTCGA

Gsul_nifEN ACGCGGCAACGACGCCGCCATTCTCCGGAATGGCGGCGTTTTCTTTTGCA
Gmet_nifEN TTCAGGCAAAGGCGCCGACCATTCCCCCCCCCGGAATGGCGGCGCCTTTTTTCTTTGT
Gura_nifEN CATTGGCAAAGGCGCCATCAATTCTTAGGAATGATGGCGCCTTTTTATTTAGTTTCC

Gsul_ 0938 ACCAGGCAAAGECECCTTCCACCACGGGTGGAGGCGCCTTT CTTTTTTTACA
Gmet_0693 GCAAGGCAAAGGCGCCTTCCGCTACCAAGCGGAGGCGCCTTTTTTGTTTACTTAGT
Gura_3367 TACAGGCAATGGCGCCTCTTCACCGCATGGTGGGAGGCGCTTTTTTATTTAGTTTCC
Gsul_2799 CGCAGGCAAGGGAGCCCGGCGGTCGAGAGACCCCGGGCTCGTTGCGTTTCAC
Gmet 0681 GACAGGCACAGGAGCCCGGCGCGAGAAATCCGCCGGGCTTTTTTTCGTTCA
Gura_1209 AAAAGGCAACGGAGCCCGGCGGAAGATGTTTTCTGTCGGGCTTTTTTTATTCGG
B GTGTGTGATTAATTGTTGTGCACATGCATGGGAAAGAGGCGCCCGTGGARATTGCTTGCC
TGTAAAGCTTAGTTAATTCAGTGTGTTGCTGGTTGGCATGGACGGTGCTATACCACTATC
-24 -12 +1
AAACATACAGACGAGAATACGCCGGAGTATTCGCTGCTGAACGCAGGCAAGGGCGCCACC
ATTAAACGGAAATGGGGCGCCTTTTTTGTTGCCCCGAACATTCCCAGGCAGTCCACGGAT
TGGTGGACGAAAGGAGACAGGACATG
Met
c o D -35/-10
ATG RpoD
A G
Byt -35/-10
RpoD-TTS (WT) —_——
U-A
-U -35/-10
c-c RpoD-TTS (-up) —
C-G
A -35/-10
C-G RpoD-TTS (-down) —_—
C-G
G-C -35/-10
RpoD-TTS (mut) — +6¢
C-G
G-C .
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fe] G-C RpoD +
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Figure 10. Premature transcription termination in the nitrogen-fixation genes. (A) Alignment of transcription termination-like signals in the
nitrogen-fixation genes. It is likely that the nif EN operon contains nifEN and nifX in this order, the Gsul_0938 homologue operon contains a
gene encoding a hypothetical protein, glnK and amtB in this order, and the Gsul_2799 homologue operon contains genes encoding a putative radical
SAM domain protein and a putative acetyltransferase. The inverted-repeat sequences are underlined. Highly conserved nucleotides are indicated in
bold letters. (B) Promoter region of nifH. Predicted GnfM-binding sites (Supplementary Table S4) are highlighted in gray. Highly conserved
dinucleotides GG and GC in RpoN-dependent —24/—12 promoter elements are underlined. Transcription initiation site is indicated by +1.
Transcription termination-like signals are indicated by arrows. Translation initiation codon is indicated by Met. (C) Putative RNA secondary
structure of nifH. The putative stem-loop structure was predicted on the basis of base-pairing. A predicted binding site for GnfR is indicated in
bold letters. (D) /acZ fusion assay. The assays were conducted with artificial promoters. Diagrams of promoter constructs are shown (see
Supplementary Figure S5A for sequences). RpoD, the RpoD-dependent like promoter; RpoD-TTS (WT), the RpoD-dependent like promoter
with the wild-type transcription termination signals from nifH; RpoD-TTS (-up), the RpoD-dependent like promoter with the transcription termin-
ation signals lacking the upstream half of the stem structure; RpoD-TTS (-down), the RpoD-dependent like promoter with the transcription
termination signals lacking the downstream half of the stem structure; RpoD-TTS (mut), the RpoD-dependent like promoter with the transcription
termination signals mutated in the stem structure (Supplementary Figure S5A). Mutations in RpoD-TTS (mut) were made by changing
GGGGCGCCTT to ACATACAACA. B-Galactosidase activity was examined with the X-gal plate (Supplementary Figure S5B).

.o . transcription termination of these genes. The results
RNA binding of GnfR activated by GnfK shown above suggest that the activity of GnfR is regulated
As the upstream regions of the sequences forming a by GnfK via phosphorylation. To test these,
hairpin in the premature transcription termination RNA-binding assays were conducted in the presence of

signals contain highly conserved sequences, CAGGCAA
NGGCGCC, in the subset of the nitrogen-fixation genes
in G. sulfurreducens (Figure 10A), it is possible that these
conserved sequences serve as a recognition site for GnfR
to bind their mRNA and to inhibit the premature

ATP (Figure 12). GnfR bound the RNA fragment con-
taining the predicted binding site, CAGGCAAGGGCGC
C, from the nifH promoter in the presence of GnfK,
whereas GnfR was unable to bind the same RNA
fragment in the absence of GnfK (Figure 12A).
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Figure 11. Transcription antitermination. (A) Diagrams of two tran-
scripts of nifH mRNA. The locations of regions where primers
(R1 and R2) used in the primer extension assay (B) hybridize are pre-
sented by arrows. (B) Expression of nifH and ginB. Total RNA was
prepared from the wild-type and gnfK or gnfR mutants after they were
grown to the early log phase in the media containing NHj, harvested,
resuspended and grown in the NHI-free media. Equal amounts of total
RNA for each strain were used to examine the expression of nifH and
gInB by primer extension assays.
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Figure 12. RNA binding of GnfR activated by GnfK. RNA-binding
activity of GnfR was tested with RNA fragments containing the
putative GnfR-binding site. (A) The wild-type RNA sequence. (B) A
mutated RNA sequence. The RNA sequences of the putative
GnfR-binding site are shown below the images of the gels.
Mutated nucleotides are indicated with bold letters (see also Figure
10A). Lane 1, no protein; lane 2, GnfK; lane3, GnfR; lane 4, GnfR
and GnfK.

In contrast, GnfR was unable to bind the RNA fragment
lacking the predicted binding site (Figure 12B). These
results indicate that GnfR is an RNA-binding protein
and that its RNA-binding ability is activated by phos-
phorylation via GnfK.

DISCUSSION

Nitrogen fixation is a key physiological feature in
Geobacter species during growth in subsurface environ-
ments and bioremediation of contaminated environments.
The results presented in this study show that the majority
of nitrogen-fixation genes appear to be controlled by the
sigma factor RpoN and the two-component system con-
sisting of the histidine kinase GnfL and the response regu-
lator GnfM, which also belongs to the EBP family. Unlike
most other bacterial rpoN genes, the G. sulfurreducens
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rpoN 1is essential under all conditions tested, including
ammonium-sufficient conditions (47). In addition to
nitrogen metabolism, RpoN controls genes involved in a
wide range of cellular processes such as fumarate respir-
ation, Fe(III) reduction, and pili and flagella biosyntheses
in G. sulfurreducens. Although most of the up-regulated
genes during nitrogen fixation appear to be controlled by
RpoN in G. sulfurreducens, there are some genes and
operons that are up-regulated during nitrogen fixation
and appear to be controlled by other sigma factors. For
instance, the operon for a putative molybdenum trans-
porter is up-regulated during nitrogen fixation in
G. sulfurreducens (15). Molybdenum is known to be an
important co-factor for nitrogenase as well as other
enzymes such as formate dehydrogenase. Genes
encoding the molybdenum transporter are regulated by
the molybdenum-responsive transcription factor ModE
in other bacteria (55). This operon in G. sulfurreducens
appears to lack an RpoN-dependent promoter and to be
regulated by a homologue of ModE, which is encoded by
the gene located immediately upstream of the operon on
the G. sulfurreducens genome (56). In addition, several
genes encoding a hypothetical protein are up-regulated
during nitrogen fixation and appear to lack an
RpoN-dependent promoter. Therefore, it may be
possible that genes mainly involved in nitrogen metabol-
ism such as nitrogen fixation genes and gdhA are
controlled by both RpoN and the GnfL/GnfM system.
In contrast, it is likely that genes required for other
cellular processes in addition to nitrogen fixation such
as molybdenum transporter genes are regulated by
other sigma factors and transcription factors in
G. sulfurreducens.

The expression of gdhA was shown to be activated by
RpoN and the GnfL/GnfM system in the ammonium-
sufficient conditions and repressed during nitrogen
fixation in G. sulfurreducens. The repression of gdhA ex-
pression was observed in some bacteria (57,58). However,
gdhA expression is controlled by the major sigma factor
RpoD in other known bacteria (52). In Klebsiella
aerogenes the NAC (nitrogen assimilation control)
protein, which is a member of a LysR transcriptional regu-
lator, represses transcription of the gdhA gene under
nitrogen-limiting conditions (59). NtrC is known to act
as both a repressor and an activator in other bacteria
such as E. coli (60). Although gdhA homologues are
conserved in Geobacter species and among the EBPs
conserved in Geobacter species only GnfM bound the
promoter region of the gdhA gene, which has an
RpoN-dependent promoter, it is possible that another
EBP is involved in the regulation of the gdhA gene.
Furthermore, it is also possible that another transcription
factor plays a role in modulating the activity of GnfM as a
repressor and an activator. For instance, integration host
factor (IHF) is known to be involved in the transcription
mediated by the EBP such as NifA (61). Moreover, phos-
phorylation of GnfM by GnfL affects the activity of
GnfM as a repressor and an activator. Although it is gen-
erally thought that phosphorylation is not required for the
DNA-binding activity of the EBP family transcription
factor (30-33), it has been shown that phosphorylation
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affects DNA-binding activity of NtrC (62,63). In addition,
it is known that the expression of ompC and ompF,
encoding outer membrane porins, is differentially
regulated by the phosphorylation levels of the response
regulator OmpR, which is not a member of the EBP
family, in the E. coli osmoregulation system (64).
Therefore, it is possible that during growth in the
ammonium-sufficient conditions, under which the
phosphorylated form of GnfM is less abundant, most of
GnfM binds the upstream binding sites (BS1 and BS2) in
the gdhA promoter that may have higher affinity with
GnfM than the downstream binding sites in gdhA (BS3
and BS4) and the binding sites in the nitrogen-fixation
genes, resulting in the activation of gdhA expression. In
contrast, during growth dependent on nitrogen fixation,
under which the phosphorylated form of GnfM is more
abundant, GnfM may be able to bind the downstream
binding sites in gdh4 (BS3 and BS4) and the binding
sites in the nitrogen-fixation genes, resulting in the repres-
sion of gdhA expression as well as the activation of
the nitrogen-fixation gene expression. Known EBPs
including NtrC bind sites located far upstream of an
RpoN-dependent promoter when compared with other
types of bacterial transcription factors that activate
other sigma factors (30,31,33). However, GnfM-binding
sites (BS1 and BS2) in the gdhA promoter that are essen-
tial for the activation of gdhA are located closer to the
RpoN-dependent promoter than typical EBP-binding
sites including the GnfM-binding sites in the gnfK
promoter (Figure 4A and B). This difference may also
contribute to different activation mechanisms in the ex-
pression of gnfK and gdhA.

Another two-component system GnfK/GnfR controls
the subset of nitrogen-fixation genes by the transcription
antitermination. Transcription of these genes is activated
by the GnfL/GnfM system. Although antitermination is
found in gene regulation during a variety of cellular
processes (65), this is the first demonstration of the in-
volvement of antitermination in nitrogen-fixation gene
regulation. Genome sequence analysis revealed that the
ANTAR domain is found in other response regulators
of the two-component system. However, to our know-
ledge, GnfR is the first response regulator with the
ANTAR domain to be characterized in detail. AmiR, an
antiterminator involved in regulating the expression of the
aliphatic amidase operon of Pseudomonas aeruginosa
(66,67), has an N-terminal domain whose structure is
similar to that of the receiver domain of the response regu-
lator (68). However, AmiR is not likely to be a response
regulator, because residues typically conserved in the
receiver domain are absent from the N-terminal domain
of AmiR, most notably a phosphorylation site. Another
well characterized antiterminator, NasR, which has an
NIT domain at the N-terminus, is involved in nitrate-
responsive transcription antitermination of the nasF
operon in Klebsiella oxytoca that is required for nitrate
assimilation (69,70). The NIT domain is found in
nitrate- and nitrite-sensing receptor components (71).
The untranslated region or the leader region containing
transcription termination signals has been shown to fold
into two different secondary structures in many cases as

shown for the NasR-mediated nitrate-responsive tran-
scription antitermination (69,70). Binding of the
antiterminator protein to the leader RNA inhibits forma-
tion of the transcription terminator structure. It is possible
that GnfR functions as an antiterminator in a similar
fashion during nitrogen fixation in G. sulfurreducens.
GnfR inhibits formation of the transcription terminator
structure by binding to the highly conserved sequences, C
AGGCAANGGCGCC, located upstream of and at the
region overlapping transcription termination signals in
leader RNA of the subset of nitrogen-fixation genes.

Although GnfK has a typical histidine kinase domain, it
does not have an apparent sensor domain. The kinase
activity of the sensor histidine kinase of the two-
component system is normally regulated by an environ-
mental signal or stimulus, which is detected by the sensor
domain of the histidine kinase (36,48). Therefore, it is
likely that GnfK is constitutively active, as suggested by
the in vitro phosphorylation assays, and that its expression
is regulated at the level of transcription by the GnfL/
GnfM system. Therefore, when expressed, GnfK might
function as the activator for GnfR regardless of an envir-
onmental signal. It is, however, possible that an intracel-
lular signal could regulate the activity of GnfK. For
example, the activity of the histidine kinases is dependent
on divalent cations (Ueki and Lovley, manuscript in prep-
aration; 48). On the other hand, the response regulator
GnfR appears to be regulated at levels of both the expres-
sion by transcription via the GnfL/GnfM system and the
activity by phosphorylation via GnfK.

The phenotypes of mutants of GnfK and GnfR were
somewhat different during growth dependent on nitrogen
fixation. This difference may be explained by the fact that
some response regulators have been shown to utilize small
phosphate-containing molecules such as acetylphosphate
as a phospho-donor in the absence of their cognate histi-
dine kinases (72,73). Thus, GnfR might still be active with
such small phosphate-containing molecules in the absence
of GnfK, but not as efficient as with GnfK. Different
phenotypes between the kinase mutant and the response
regulator mutant have also been observed in other
two-component systems. For instance, in the two-
component RegB/RegA system in Rhodobacter capsulatus,
disruption of regB encoding a kinase affected photosystem
gene expression less dramatically than did disruption of
regA encoding a response regulator (74).

In contrast to GnfK, GnfL, the histidine kinase of the
master two-component system for the nitrogen-fixation
gene regulation in G. sulfurreducens, has a PAS domain
as the sensor at the N-terminus and shows some similarity
to NtrB homologues (Supplementary Figure S2). The PAS
domain is a signaling module known to sense light,
oxygen, redox and small molecules (75,76). Oxygen is
known to be an important regulatory factor for
nitrogen-fixation gene expression due to the oxygen sensi-
tivity of nitrogenase in diazotrophs. As Geobacter species
are strictly anaerobic and oxygen has a negative impact on
anaerobically growing Geobacter cells (77, Leang,
personal communication), critical cellular processes are
thought to be sensitive to oxygen in Geobacter species.
The transcriptome analysis of G. uraniireducens growing
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Figure 13. Model for the regulation of gene expression during nitrogen fixation in G. sulfurreducens. Histidine kinases are presented in red. Response
regulators are presented in blue. Phosphorylation is indicated in purple arrows. Transcription activation and repression are indicated in blue arrows
and a pink line, respectively. Transcription antitermination is indicated by a green arrow. RNAP represents RNA polymerase.

in uranium-contaminated subsurface sediments showed
higher levels of transcripts for genes for nitrogen fixation
as well as oxidative stress response (13), suggesting that
nitrogen fixation is among the critical cellular processes
sensitive to oxygen in Geobacter species. NtrB homologues
are known to be regulated by the PII regulatory protein
GInB in nitrogen regulation in some bacteria such as
Escherichia  coli and  Klebsiella  pneumoniae  (16).
Geobacter sulfurreducens contains homologues of the PII
protein, and genes encoding GInB and GInK are
up-regulated during nitrogen fixation (15). Therefore, it
is possible that GnfL is regulated by GInB as found in
nitrogen regulation in other bacteria.

In summary, G. sulfurreducens appears to utilize novel
regulatory mechanisms for the nitrogen-fixation gene ex-
pression (Figure 13). The master regulator, the two-
component GnfLL/GnfM system, appears to activate the
transcription of the majority of the nitrogen-fixation

genes and repress the transcription of gdhA4 encoding glu-
tamate dehydrogenase under nitrogen-fixing conditions.
In addition, it is likely that the GnfL/GnfM system acti-
vates the transcription of gdhA under ammonium-
sufficient conditions. The other two-component system,
GnfK/GnfR, whose expression is directly activated by
the GnfL/GnfM system during nitrogen fixation,
appears to control the subset of the nitrogen-fixation
genes by the transcription antitermination mechanism.
These genes contain transcription termination signals in
their promoter and are regulated by the GnfL/GnfM
system. These regulatory cascades appear to play a key
role in fine-tuning the expression of the nitrogen-fixation
genes in G. sulfurreducens to ensure an adequate response
to nitrogen availability, as nitrogen fixation is a costly
cellular process. These findings provide new insights into
regulatory molecular mechanisms in nitrogen-fixation
gene expression and important information on how
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